Prior to anaphase, sister chromatids must be attached to microtubules and under tension, a condition that satisfies the spindle checkpoint. Removal of sister chromatid cohesion is predicted to cause a fall in tension. Two studies shed light on how cells avoid re-activation of the spindle checkpoint when cohesion is lost.
Andrea Musacchio
The early life of sister chromatids, in the aftermath of DNA replication, is spent in the reassuring embrace of cohesion. Being prevented from loosing sight of each other, the sisters align as a pair on the mitotic spindle (metaphase). At this point, cohesion is removed and the sisters are abruptly parted to opposite spindle poles. As shocking as it may be, the separation of sisters at the metaphase-anaphase transition is for good. Failing to part sisters creates imbalances in chromosome numbers that derange cell physiology and put the rest of the family in jeopardy. Thus, when it comes to separating sisters, cells are quite inflexible and want to do it properly.
Chromosomes attach to the mitotic spindle at kinetochores. These large protein scaffolds, built on centromeric DNA, promote the formation of load-bearing attachments to spindle microtubules [1] . They also regulate feedback control mechanisms required for errorless sister chromatid separation. The first mechanism, error correction, repairs erroneous connections of kinetochores with spindle poles, such as syntelic (both sisters bound to the same pole) or merotelic (one sister bound to both poles) attachment. Likely, correction implies severing the incorrect connections, thus transiently generating unattached kinetochores. This, in turn, provides chromosomes with a new chance to bi-orient, i.e., reaching the correct configuration in which the sisters are bound to opposite spindle poles [2] . The second mechanism, the spindle assembly checkpoint, acts to synchronize mitotic exit to the achievement of bi-orientation of chromosomes on the mitotic spindle. Under normal conditions, the checkpoint becomes satisfied when all chromosomes are bound to spindle microtubules and bi-oriented. Once cells have transited through this obligatory step, sister chromatid cohesion can be removed [2] .
The relationship between tension-dependent error correction and the spindle checkpoint is conceptually challenging and controversial. Based on pioneering studies by Nicklas on meiosis I spindles (reviewed in [2] ), it was realized that tension stabilizes kinetochore-microtubule attachments, and that lack of tension favors error correction. Thus, a fundamental distinction between correct and incorrect attachments is that the former generate tension in the kinetochore and centromere region and are selectively stabilized, whereas the latter fail to do so and will eventually fall off. Understanding the molecular basis of this process is one of the current challenges in kinetochore biology. It has also largely become accepted that lack of microtubule attachment activates the checkpoint. The dispute concerns the role of tension (or lack thereof) in the spindle checkpoint. Three main models are crossing horns ( Figure 1A) . In Model 1, lack of tension acts indirectly on the checkpoint by promoting an error correction activity that ultimately generates unattached kinetochores (i.e., kinetochores that are devoid of microtubules). The latter, in turn, signal to the checkpoint. This model pictures the checkpoint and error correction as completely distinct but interconnected devices, purely sensing attachment and tension, respectively [3] . In Model 2, lack of tension acts directly on the checkpoint and on error correction regardless of whether unattached kinetochores are present. The checkpoint is imagined as consisting of two pathways, one sensing tension and one sensing attachment, and both possibly converging on the creation of the same effector complex. Finally, Model 3 makes the same assumptions as Model 2, but it neglects attachment, and imagines a single pathway having tension as the only relevant parameter. Tension may be completely missing in the absence of microtubules, and may be reaching a maximum when chromosomes are bi-oriented. In this model, error correction and the checkpoint are completely co-regulated, at least at the level of the sensory apparatus [1, 2] .
Two papers in this issue of Current Biology, by Mirchenko and Uhlmann [4] and by Vazquez-Novelle and Petronczki [5] , and a recent paper by Oliveira and co-workers [6] in Nature Cell Biology, promise to ignite further discussion. All three papers start from the assumption, valid under all three models, that if sister chromatid cohesion balances spindle forces acting to part the sisters, its removal should decrease tension and re-activate error correction and the spindle checkpoint at anaphase, when the sisters are parted ( Figure 1B) . Re-activation of error correction due to a fall in tension, in turn, predicts that chromosomes should let go of microtubules. In a normal anaphase, however, this is never observed and it is interesting to ask why. Previous studies proposed that degradation of essential checkpoint components, such as Mps1, is crucial to prevent checkpoint re-activation at anaphase [7] . However, as noted by Mirchenko and Uhlmann [4] , Mps1 degradation is a relatively late event during mitotic exit, not unlike the degradation of other checkpoint kinases, and it is therefore unlikely to be crucial for suppressing checkpoint re-activation at the metaphase-anaphase transition. The new papers, therefore, attempted to explore alternative hypotheses for why error correction and checkpoint signaling may be unable to shoot at anaphase.
As cells satisfy the checkpoint, they start degrading Cyclin B and Securin (Pds1 in Saccharomyces cerevisiae), respectively triggering reduced Cdk1 activity and activation of separase (Esp1), a protease that cleaves cohesin. Cdk1 inactivation, or separase activation, may limit checkpoint re-activation and error correction at anaphase. The Mirchenko and Uhlmann and Vazquez-Novelle and Petronczki papers concentrated on the behavior of a four-subunit, evolutionarily conserved assembly named the chromosomal-passenger complex (CPC). Early work by Biggins, Tanaka, and co-workers [8, 9] pointed to the CPC as a crucial component of the tension-sensing machinery required for error correction. At anaphase, the CPC relocates from centromeres to the spindle midzone (from which it controls cytokinesis). Vazquez-Novelle and Petronczki [5] asked if interfering with the relocation of the CPC at anaphase in human cells is a sufficient condition to trigger error correction and checkpoint activation in anaphase. To prevent CPC relocation, they depleted Mklp2, a protein required for evicting the CPC from centromeres at anaphase [10, 11] , or mutated the CPC in a crucial residue required for the interaction with Mklp2. The Aurora B (Ipl1 in S. cerevisiae) kinase and its activator INCENP (Sli15) are two prominent subunits of the CPC, and Aurora B activity is crucial for error correction [12] . Despite clear evidence of Aurora B localization and activity at centromeres and kinetochores, Mklp2-depleted cells were unable to re-activate error correction at anaphase, and retained robust kinetochore fibers [5] . Thus, retention of active Aurora B at the centromere is per se insufficient to promote error correction. At first sight, these results are at odds with previous studies in Drosophila melanogaster demonstrating that loss of sister chromatid cohesion in the presence of non-degradable Cyclin B or through activation of an ectopic cohesin-cleaving protease causes the destabilization of kinetochoremicrotubule attachment at anaphase [6, 13] . Also in this case, Aurora B retained its centromere localization because its relocation is inhibited in the presence of high Cdk activity [11] (see below). How can the discrepancy be explained? A sensible hypothesis is that the state of Cdk1 activity is relevant. Mklp2-depleted cells progress normally in the cell cycle and degrade Cyclin B with normal timing, so that at anaphase these cells experience low Cdk activity. Thus, a possible conclusion from the new analysis is that Cdk1 activity may be required for some aspect of error correction downstream of Aurora B, a testable hypothesis.
Being subject to the same uncertainty whether sensing tension is directly or only indirectly affecting the checkpoint response, the role of the CPC in the checkpoint is highly controversial [2] . Although the checkpoint did not appear to be re-activated at anaphase when the CPC is retained at the centromere in Mklp2-depleted cells, three checkpoint kinases, Bub1, BubR1 and Mps1, were re-recruited to kinetochores in an Aurora B-dependent (and presumably Cdk1-independent) manner, despite the absence of error correction and of unattached kinetochores [5] . These results agree with previous observations on metaphase chromosomes experiencing a sudden decrease of tension [14, 15] . Changes in kinetochore behavior leading to Bub1, BubR1 and Mps1 re-recruitment confirm that kinetochores experience reduced tension at anaphase, and that as a minimum the removal of Aurora B from centromeres serves the purpose of preventing Bub1, BubR1 and Mps1 re-recruitment (and, possibly, re-activation). Overall, these observations are consistent with Models 2 and 3, and reinforce additional evidence for a direct role of Aurora B in the checkpoint, the most prominent of which is its requirement for the checkpoint response to unattached (and therefore tensionless) kinetochores in two model organisms such as S. pombe and X. laevis (reviewed in [2] ).
But why cannot the checkpoint be fully re-activated in Mklp2-depleted cells despite the effects on Bub1, BubR1 and Mps1? The authors show that two additional checkpoint proteins, Mad1 and Mad2, cannot be re-recruited to kinetochores [5] . A crucial question for the future is therefore why are not these proteins recruited back to kinetochores like Bub1, BubR1 and Mps1. A trivial answer is that these proteins cannot be recruited or retained at kinetochores when microtubules are bound there, in agreement with repeated observations that kinetochore localization of these proteins is incompatible with the presence of microtubules. However, Mad2 was not recruited to kinetochores even upon treating Mklp2-depleted anaphase cells with spindle-depolymerizing agents [5] . This result suggests that Cdk1 activity, which is low in Mklp2-depleted anaphase cells, regulates the localization at kinetochores of one or more of these proteins. Indeed, Cdk1 has been proposed to predispose the checkpoint target Cdc20 to inhibition by the checkpoint [16, 17] . Whether Cdk1 controls additional steps of the checkpoint response is unclear, but suggested by the observations described above.
Mirchenko and Uhlmann [4] and Oliveira and coworkers [6] applied conceptually similar approaches in different model systems, S. cerevisiae or D. melanogaster embryos, respectively. Anaphase was elicited ectopically through the expression of TEV protease and of a TEV-cleavable form of cohesin, and therefore under high CDK activity and in the absence of active Separase. Mirchenko and Uhlmann [4] observed Ipl1-dependent re-recruitment of Bub1 to kinetochores as well as Mad1 phosphorylation, hallmarks of checkpoint activation. Oliveira and coworkers observed kinetochore detachment and re-recruitment of BubR1 to kinetochores, with both these effects becoming suppressed by the CDK-Cyclin inhibitor p27 [6] .
While in other organisms the degradation of Cyclin B at the metaphase-anaphase transition is rapid, in S. cerevisiae the degradation of mitotic Cyclins is slow and extends well beyond the metaphase-anaphase transition. Thus, reduced Cdk activity is unlikely to be important for preventing checkpoint re-activation at anaphase in this organism, as substantial Cdk activity is normally present at this stage in the cell cycle. Thus, Mirchenko and Uhlmann looked at the rapid activation of Separase as an alternative hypothesis for irreversible inactivation of checkpoint and error correction at the metaphase-anaphase transition. Separase activation brings about additional effects other than Cohesin cleavage. Crucial for mitotic exit is the activation of the Cdc14 phosphatase, which reverses Cdk-mediated phosphorylation in this organism [18] . Inability to activate Cdc14 in cells where anaphase is triggered ectopically with TEV is the likely reason for checkpoint re-activation. Cdc14 has been shown to be important for the eviction of the Ipl1-Sli15 complex from centromeres [19] . In humans, the interaction of the CPC with Mklp2 is inhibited by Cdk1-dependent phosphorylation of INCENP [11] . Reduced Cdk1 activity at anaphase may result in INCENP dephosphorylation and removal of the CPC from the centromere, a mechanism that in its outline resembles that described for S. cerevisiae.
If overall these results lend additional credit to Models 2 and 3, a mechanistic understanding for how tension may regulate the checkpoint is missing. Intra-kinetochore stretch has been recently shown to correlate with the state of checkpoint activation [2] , suggesting that the answer to this question is to be sought in structural and chemical changes occurring dynamically within the kinetochore. In the future, it will be interesting to characterize the amount of intra-kinetochore stretch at anaphase. Models based on the ability of the CPC complex to 'measure' intra-kinetochore stretch have been proposed [1, 9, 20] . The new studies discussed here place additional emphasis on the role of Cdk inactivation during mitotic exit. A possible interpretation of the new observations is that Cdk activity may be required both for error correction and for the spindle checkpoint. Under the banner of Models 2 and 3, it is tempting to speculate that Cdk1 controls a specific step that is relevant both for error correction and the spindle checkpoint within a single pathway. Stay tuned on radio kinetochore for the next available updates.
A new study has found that strains of the fungus Aspergillus nidulans produce more of their spores sexually in environments where they are less fit, resembling a hypothesized transitional stage in the evolution of sex.
Clifford Zeyl
Genetic recombination can amplify selection and accelerate adaptation by grouping adaptive mutations into fortunate genomes, and low-fitness alleles into genetic scapegoats that can be purged by selection, but that same randomization of allele combinations is also liable to break up a successful one. One way a parent might resolve this dilemma would be to clone itself if it is doing well, but to shuffle alleles if it is struggling. The mold Aspergillus nidulans is more reproductively flexible yet, varying the proportions of spores that it produces sexually and asexually. Schoustra et al. report in this issue [1] that strains of this fungus spend more of their reproductive effort on sexual offspring in environments where they are faring poorly, improving the odds that recombination will yield offspring that will turn out to be better suited to the local conditions. Such opportunism may explain how alleles that increase sexuality incrementally could have spread through previously asexual populations in the first place, using recombination as a strategy to escape doomed genomes like metaphorical rats abandoning a sinking ship.
The potential of a reshuffled genome to better suit changing conditions than either parent is the oldest and perhaps the most intuitively appealing of the many hypotheses for the evolutionary success of sex. But one reason why that success is still mystifying is that recombination also risks breaking up currently successful genotypes [2] . In addition to this genetic cost of sex, many facultatively sexual organisms pay an additional price for inserting sex into their fast-paced life cycles: sexual offspring take longer to produce than asexual ones. In taxa as diverse as crustaceans, algae and fungi, the products of either meiosis or syngamy can survive desiccation and other abuses as dormant spores or eggs, and are often the stage at which most dispersal occurs. But in the time it takes these structures to develop and mature, a competitor that remained asexual would typically be able to produce a greater number of cloned offspring.
However, in facultatively sexual species that follow this pattern, the switch from faster and more efficient asexual reproduction to sex is triggered by stressful conditions such as overcrowding or starvation -circumstances that would make quick reproduction impossible anyway. These life cycles
